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Quantum optics in combination with integrated optical devices shows great promise for efficient 
manipulation of single photons. New physical concepts, however, can only be found when these 
fields truly merge and reciprocally enhance each other. Here we work at the merging point and 
investigate the physical concept behind a two-coupled-waveguide system with an integrated para¬ 
metric down-conversion process. We use the eigenmode description of the linear system and the 
resulting modification in momentum conservation to derive the state generation protocol for this 
type of device. With this new concept of state engineering, we are able to effectively implement a 
two-in-one waveguide source that produces the useful two-photon NOON state without extra over¬ 
head such as phase stabilization or narrow-band filtering. Experimentally, we benchmark our device 
by measuring a two-photon NOON state fidelity of T = (84.2 ± 2.6)% and observe the charac¬ 
teristic interferometric pattern directly given by the doubled phase dependence with a visibility of 
Vnoon = (93.3 ± 3.7) %. 


I. INTRODUCTION 


Compact, low-cost, and easy-to-use devices are big ad¬ 
vantages of the mature field of integrated optics. The 
large number of well-engineered devices and achieved re¬ 
configurability of the implemented circuits allow for fast 
and efficient manipulation of light. These highly desired 
properties have enabled the quantum information com¬ 
munity to build and investigate compact, efficient, and 
high-dimensional networks for the first time [TWOl . Still, 
the generation of single photons that fuel the optical 
circuits is usually realized off chip with bulk sources of 
parametric down-conversion (PDC) pT]. While these of¬ 
fer high flexibility in the spatial domain m, the low 
brightness compared to their waveguide counterparts 
m , as well as possible losses and instabilities in the 
bulk-waveguide interface, prevents the scaling to many 
photons coupled to many inputs of a linear network. 
Waveguide sources generate the photon pairs into fiber- 
compatible spatial modes im, allow for engineering of 
the spectral properties m ns, and increase the con¬ 
version efficiency due to the high confinement of light 
mm- However, this big advantage is also the down¬ 
fall of this approach, as the confinement prohibits the 
engineering of the path degree of freedom, which is eas¬ 
ily accessible in bulk sources. One class of states that 
makes exemplary use of the path degree of freedom is 
the NOON states [19]. These maximally path-entangled 
states given via | NOON) = ^(|1V0) + e l ' e |0iV)) exhibit 
an enhanced phase sensitivity that depends linearly on 
the photon number N. This property defines the main 
applications of NOON states as quantum metrology and 
lithography muni. However, the experimental imple¬ 
mentation directly relies on the path degree of freedom 
[ 22 * 23 ], making an integrated realization difficult. Only 
last year, two devices were demonstrated [24] [25] that 
gain control over the needed path degree of freedom, us¬ 


ing a workaround by combining a pump beam splitter 
with a phase shifter and two single waveguide sources. 
While this approach is successful in the end, it uses addi¬ 
tional resources, such as postselection and narrow-band 
filtering. The natural follow-up question to their results 
is whether we can find a physical concept that intrinsi¬ 
cally addresses two waveguide outputs and therefore in¬ 
troduces the path degree of freedom in waveguide based 
technologies. An interesting candidate to solve this prob¬ 
lem is periodically poled waveguide arrays [2IH2I], which 
have been exploited for driven quantum walks [23 • I n 
this context, it is known that the geometric layout of 
the coupled waveguides has an impact on the governing 
phase-matching function of the nonlinear PDC process 
m- However, the implications of this new type of de¬ 
vice are certainly not obvious, due to the large scale and 
many degrees of freedom. It is therefore necessary to in¬ 
vestigate smaller systems with an integrated nonlinearity 
G2IH2, as less degrees of freedom enhance the chances 
for a clean and easy to manipulate system. While the 
properties of a single-waveguide source of PDC are well 
known and the calculation algorithms for large waveg¬ 
uide arrays are understood, the features of a coupled two- 
waveguide system with integrated PDC are still an open 
research question. 

Here we explore the physics and generation concept of 
a nonlinear two-coupled waveguide geometry and show 
that, with this approach, we gain intrinsic control over 
the path degree of freedom with this approach. The com¬ 
bination of the eigenmodes of the linear coupled structure 
with the momentum conservation of the nonlinear pro¬ 
cess allows us to go beyond reproducing a bulk setup on 
a chip and to effectively implement a two-in-one waveg¬ 
uide source with a single optical element. In detail, we 
exploit the spatio-spectral coupling between the pump 
wavelength and selection rules for the eigenmodes and 
find that a Hong-Ou-Mandel effect in the transformation 
between the generation in the eigenmodes and the de- 
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FIG. 1. (Color online) System and generation protocol, (a) 
The source consists of two periodically poled coupled waveg¬ 
uides and we can generate a two-photon NOON state by 
pumping a single waveguide, (b) The coupled structure has 
two eigenmodes (symmetric S and antisymmetric A) with 
nondegenerate eigenvalues, (c) Different distributions of the 
PDC photons across the eigenmodes lead to a splitting of the 
phase-matching function, (d) By selecting the central phase 
matching, we generate a photon in each eigenmode, (e) Fi¬ 
nally, the transformation from eigenmode to waveguide basis 
results in a two-photon NOON state. 


tection in the waveguide basis generates the useful two- 
photon NOON state. This elegant generation concept 
allows us to eliminate the need for phase-stable multi¬ 
waveguide pumping and narrow-band filtering. Further¬ 
more, it is largely independent of fabrication parame¬ 
ters and imperfections. Experimentally, we demonstrate 
the selectivity of the state-generation concept in the spa¬ 
tial domain by measuring the spatially resolved photon 
pair correlations depending on the pump wavelength and 
verify the phase coherence by observing the expected 
double-fringe pattern of a two-photon NOON state. 

Our paper begins with a discussion about the theoret¬ 
ical framework of our device in Sec. II. In Sec. Ill we 
provide details on the chip design and the source param¬ 
eters, before presenting the experimental setup and the 
results in Sec. IV. We summarize our findings in Sec. V. 


II. THEORY 

We consider a system as sketched in Fig. [ija). It con¬ 
sists of two waveguides that run parallel with a separation 
distance of a few micrometers (for detailed information 
concerning the sample parameters refer to Sec. III). The 
strength of the coupling, described by the coupling pa¬ 


rameter C , is directly given by the distance between the 
two waveguides and the operating wavelength of the di¬ 
rectional coupler. We design the waveguides such that 
only fields in the telecom regime are affected by the cou¬ 
pling geometry while near infrared light remains undis¬ 
turbed. Additionally, we add a periodic poling of length 
L to the coupling region, which enables the nonlinear 
PDC process 133, 33] at a chosen wavelength combina¬ 
tion. 

The full Hamiltonian of the poled coupler system is 
given by a linear part given by the free propagation and 
the coupling behavior of the fields, as well as a nonlinear 
interaction part describing the PDC process 

Hpdc = X (2) / d 3 r (£«£(->£(-> + H.c .), (1) 

Jv 

where x^ 2 -* is the effective nonlinear coefficient of the sys¬ 
tem. As we treat the pump field £ p as classical, only 
the generated fields are described by operators. We do 
not use subscripts for the quantum fields, as the pho¬ 
tons are fundamentally indistinguishable and therefore 
described by the same operator. To solve the full sys¬ 
tem Hamiltonian including the coupling, we can express 
the fields in the interaction part in the eigenmode pic¬ 
ture [33J ;3B]. This way, the solution to the linear part 
is already included in the formulation of the nonlinear 
part. In the case of two coupled waveguides, there are 
two nondegenerate eigenvalues Ps(A) = /^ 0) =F C, where 
0(°) is the propagation constant of the uncoupled sys¬ 
tem. The labels S and A refer to the shape of the 
symmetric [sketched magenta in Fig. 0b)] and anti¬ 
symmetric (green) eigenmodes. The transformation be¬ 
tween the waveguide and eigenmode picture is given by 
a linear combination of the uncoupled waveguide modes 
Sg( A )(w) = ^(S|(w)±6|(w)), where a£(w) creates apho- 

ton of frequency u in the eigenmode k and bj(u>) denotes 
the creation operator for a photon in waveguide j. 

After a lengthy but straightforward calculation [33] 33, 
[37], we arrive at the two-photon PDC state in the eigen¬ 
mode basis of the waveguide coupler 

|VI/> S = vxf 

x [ 7<I>(A/?55,L) o^(w s )a^(wi) 

+ S $(A/3sa,L) a^(w s )a^(wi) 

+ 5 $(A/3as, L) a^Usja^w,) 

+ "/^(Al3AA,L)a) A {u} s )a i A (LOi) ] | 0 ) . 

The function a(u} s +u>i) represents the spectral properties 
of the pump and contains the energy-conservation condi¬ 
tion oj p = uj s + u>i (the subscripts refer to pump, signal 
and idler respectively). Momentum conservation is in¬ 
cluded in the phase-matching function &(A(3mn, L) = 
sine (A/3 MN ^) e _lA/3MJV T, which depends on the length 
L and the phase mismatch A/3mn = /3{co p ) — f3( M \u) s ) — 


dw s / dw,; a(uj s + Wj) 
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as given by the combination of different eigen- 
modes (M, N). Here J\f is the normalization constant and 
7 and S are the excitation amplitudes of the symmetric 
and antisymmetric eigenmode, respectively. If we pump 
the two waveguides in the symmetric mode (the pump 
phase between two waveguides is 0 ) 7 = 1 and for the 
antisymmetric configuration (the pump phase between 
two waveguides is ir) 5 = 1. In the case of pumping only 
a single waveguide, both excitation amplitudes are equal. 
This multitude of accessible parameters leads to a high 
flexibility in the experiment. 

The state in Eq. <[2j) contains four distinct phase¬ 
matching conditions, which we can identify as the four 
possibilities that we obtain by distributing two PDC pho¬ 
tons across two eigenmodes. They possess spectrally 
separated phase-matching conditions, as the two corre¬ 
sponding eigenvalues are non-degenerate. The two com¬ 
binations of the signal photon in S and idler in A (SA) 
and the idler in S and signal in A (AS 1 ) are degenerate, 
as we consider a type-I PDC process where the gener¬ 
ated photons are indistinguishable [38]. This leads to 
the formation of three spectrally distinct phase-matching 
curves, as shown in Fig. [ljc) . Due to this spectral sepa¬ 
ration, we can selectively excite different eigenmode com¬ 
binations by choosing the correct pump wavelength. 

Selecting one of the three phase-matching conditions 
imprints specific spatial properties on the generated pho¬ 
ton pairs. This intrinsic feature of the system allows us to 
engineer different quantum states of light by tuning the 
pump wavelength regardless of the spatial distribution of 
the pump. However, although the spatial properties of 
the state do not depend on the length of the device L, 
we need a minimum length of the poled region to elim¬ 
inate spectral overlap between different phase-matching 
conditions to get a clear spatial signature of the state. 

We generate the postprocessing free NOON state in 
the waveguide basis by exciting only the central phase¬ 
matching condition, which corresponds to the generation 
of one photon in each eigenmode. This can be shown by 
rewriting Eq. |2]) in the waveguide basis considering only 
the A/3as,SA contributions 


|^) ws = 


; J dw s J d Ui a(ui a + L>i) 


2VM, 

{$(A/3, L) + $(A/3, L)} b\(u s )VM) 
- {$(A p,L) - $(A f3,L)}b\(cu s )bl(ui) 


= 0 


+ {$(A/3, L) - $(A p, L)} bUusWM) 


(3) 


= 0 


{ 4>(A/3, L) + HAP, L)} bl(u s )bl (W<)] |0> 

~^= J duj s J dw, ; a(w s +Ui)<b(AP,L) 

b\(u s )b\(ui) - bl{u a )bl(ui) | 0 ) , 


where we have substituted A /3sa = A Pas = A/3. The 


structure of this state clearly shows that we generate 
a genuine postprocessing free two-photon NOON state 
in our device, i.e., both photons exit the chip in either 
waveguide in a coherent superposition. The key to the 
NOON state generation is embedded in the cross terms 
6 | ,2 of this state. We have already stated that it is possi¬ 
ble to simultaneously generate one photon (signal) in the 
symmetric eigenmode and the other (idler) in the anti¬ 
symmetric eigenmode. However, the interchanged combi¬ 
nation (idler in the symmetric and signal in the antisym¬ 
metric) is also possible, but with a phase flip. As these 
two possibilities are indistinguishable, the two terms can¬ 
cel out during the basis transformation, which results in 
the postprocessing free two-photon NOON state. 

From a physics point of view, the main point of this 
scheme is the choice of the waveguide modes as a natural 
detection basis and the transformation from eigenmodes 
to waveguide modes as sketched in Fig. [lje) . The linear 
transformation between eigenmode and waveguide basis 
is mathematically fully equivalent to a perfect 50:50 beam 
splitter. In this analogy, the two input ports of the beam 
splitter represent the two eigenmodes and the two waveg¬ 
uide modes compose the output ports. As we generate 
one photon in each eigenmode, the combination of both 
photons in the basis transformation gives rise to Hong- 
Ou-Mandel-like interference [39] . which extinguishes the 
probability of detecting one photon in both waveguides. 
Note, however, that there is no physical beam splitter 
implemented on the chip. Only the choice of waveguide 
inodes as a measurement basis and the corresponding 
basis transformation give rise to the beam splitter equiv¬ 
alent working on our quantum state. 


III. CHIP DESIGN 

For the implementation of the NOON state source, we 
realize the waveguide coupler structure in lithium nio- 
bate. The high nonlinearity of the material, as well as 
the reliable fabrication of waveguides by titanium indif¬ 
fusion, results in high-quality quantum optical devices. 
The fabricated Ti:LN waveguides have a width of 6.9 pm 
and a center-to-center separation in the coupling region 
of 13 pin. The coupling region of L = 11 mm is enclosed 
with two bending regions that bridge a waveguide sep¬ 
aration of 100 pm at the incoupling facet and a separa¬ 
tion of 165 pm at the out-coupling part of the chip. We 
optimised the titanium layer thickness for the indiffu¬ 
sion process to 79 nm to minimize cross coupling in the 
bendings after the coupling region of the chip. After the 
waveguide fabrication we performed a periodic poling of 
the chip with a grating period of A pp = 16.6 pm. These 
fabrication parameters lead to a coupling parameter of 
C = (358 ± 10 ) m -1 and a phase-matching condition for 
APsa = /3(759.7nm)-/3(1519.4nm)-/3(1519.4nm) = 0 
at room temperature. Furthermore, the high quality of 
the waveguides manifests itself in the low loss values of 
a = 0.2...0.5 dBcm -1 . 
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IV. EXPERIMENTAL SETUP & RESULTS 

To demonstrate the generation of indistinguishable 
two-photon NOON states in the fabricated device, we 
adopted the experimental setup as shown in Fig. [2] We 
pump our source with a picosecond-pulsed Ti:sapphire 
laser source with a repetition rate of R lep = 1 MHz, fol¬ 
lowed by a power and polarization control as depicted 
in Fig. |2ja). The pulsed operation of our source cou¬ 
pled with the low repetition rate allows us to avoid the 
photorefractive effect [40] at room temperature due to 
a long relaxation time between two consecutive pulses. 
After the PDC takes place in the coupler structure, we 
send the generated photons together with the remain¬ 
ing pump light to a filtering stage, where the pump is 
suppressed and we remove unwanted background in the 
telecom regime with a broad band filter that has a band¬ 
width of 50 nrn. We characterized the high brightness of 
our device and found an estimated time-averaged genera¬ 
tion rate of 1.5x 10 5 pairss _1 //W _1 , which proves the high 
quality of our fabrication technique. To analyze the two- 
photon detection events (coincidences) in the waveguide 
basis, we first probe the 111) contribution by coupling the 
waveguide modes directly to two avalanche photodiodes 
as depicted in Fig. §b). We measure the coincidences 
in a single waveguide (|20) and |02)) by coupling one 
waveguide to a fiber and insert a 50:50 fiber-based beam 
splitter in Fig. [2jc). 

For a perfect NOON state, we expect coincidences in 
either waveguide with full suppression of coincidences be¬ 
tween the waveguides. As we need a specific selection 
of the pump wavelength for the generation of the two- 
photon NOON state, we tune the pump wavelength and 
scan the complete phase-matching function to find the 
correct pump wavelength for the NOON state genera¬ 
tion. The result of this measurement is plotted in Fig. 
[3ja) . By tuning the pump wavelength we find the sig¬ 
nature of the three expected phase-matching conditions 
for different eigenmode combinations. The asymmetry 
between the different phase-matching conditions is an ar¬ 
tifact of inhomogeneous periodic poling, however it does 
not affect the performance of this device. In the center of 
the figure at roughly 758 nm, corresponding to a phase¬ 
matching condition of A/3 = 0, we find a suppression of 
coincidences between the waveguides (red curve), with 
enhancement of the event rates in the single waveguides 
(blue and green). This is the clear coincidence signature 
that is expected from a two-photon NOON state. 

With this result, we calculate the expected fidelity of 
our state via 


j- _ Rl + R-2 — R\2 
R\ + 7?2 ± Rl2 

where Rj are the coincidence counts in waveguide j 
multiplied by 2 to correct for the 50:50 beam splitter 
and R \2 are the coincidences between waveguides 1 and 
2. In our experiment, we find a measured fidelity of 
J- = (84.2 ± 2.6) %. For our implemented source the the¬ 




FIG. 2. (Color online) Setup, (a) We pump a type-I PDC 
source at room temperature with a picosecond-pulsed laser 
system and couple the beam only to a single waveguide of the 
device. After the chip, we filter out the pump light and the 
undesired background and send the generated photon pairs to 
the analysis part, (b) We measure the two-photon events be¬ 
tween waveguides (11,1)) by coupling the waveguide outputs 
directly to detectors, (c) By inserting a fiber-based 50:50 
beam splitter (FBS) we measure the coincidences in a sin¬ 
gle waveguide (12, 0) and |0,2)). (d) To test the phase coher¬ 
ence between the two waveguide outputs, we interfere the two 
paths on a bulk beam splitter (BS) and change the relative 
phase Lp with a thin glass plate. 


oretically achievable maximum fidelity is T « 93 %, as it 
is influenced by the neighboring phase-matching condi¬ 
tions. However, this is not a fundamental restriction, as 
a longer coupler stem length or a narrower gap between 
waveguides reduces the side contributions significantly. 
The lower value obtained in the experiment is due to 
residual coupling between the two waveguide modes af¬ 
ter the poled region, which enhances the effective i?i 2 
contribution. However, it is possible to reduce this effect 
by careful fabrication of the waveguide structure after 
the poled region. 

To test the coherence properties of the state, we show 
the double-fringe pattern expected from a two-photon 
NOON state. We interfere the two waveguide outputs 
on a bulk 50:50 beam splitter as sketched in Fig. id)- 
In order to overlap the two waveguide outputs in time, 
we optimized the arm lengths of the interferometer by 
using a femtosecond-pulsed laser source and achieved an 
interference visibility of Vf s ~ 95 %, proving good overlap 
in both the spatial and time domains. For the classical 
reference of the fringing period, we use a continuous-wave 
laser at A co h = 1520 nm, the same wavelength as the 
expected PDC light. We vary the phase between the two 
arms by tilting a thin glass plate and find an interference 
visibility of V co h = (95.4±0.4) %. The phase dependence 
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FIG. 3. (Color online) Results, (a) To find the working point 
of the source, we tune the pump wavelength and record the co¬ 
incidence events (green, pumped waveguide; blue, unpumped 
waveguide; and red, between waveguides). We find a fidelity 
of T = (84.2A2.6) % at X p = 758.1 nm. (b) For the coherence 
test, we vary the phase with a small glass plate and find the 
expected double fringe pattern of a two-photon NOON state 
(red) compared to a classical reference (gray). The high vis¬ 
ibility of Vnoon = (93.3 ± 3.7) % shows that our photons are 
indistinguishable. 


of the reference is shown in Fig. |3jb) (gray curve). The 
interference data with the PDC state are shown in red. 
The doubled phase sensitivity [41] is clearly observable in 
the PDC signal with respect to the classical reference. In 
the PDC measurement, we achieve a fringe visibility of 
Vnoon = (93.3±3.7) % which fits the classically measured 
maximum visibility of the interferometer. 


V. CONCLUSION 

We have demonstrated a two-in-one waveguide source 
by exploiting the intrinsic generation protocol for non¬ 
linear processes in coupled structures. We have shown 
how to harness the path degree of freedom in waveguide 
sources by using the eigenmodes for spatio-spectral engi¬ 
neering of PDC states in multiple channels. We found a 
Hong-Ou-Mandel effect in the transformation from gen¬ 
eration to detection basis allowing for phase-stable state 
preparation by pumping only a single waveguide and in¬ 
dependent of fabrication parameters. Experimentally, we 
have also demonstrated reconfigurability of the quantum 
state in the spatial domain by only tuning the pump 
wavelength. Furthermore, we have shown the expected 
double-fringe pattern of a two-photon NOON state with 
a very high visibility, proving both the indistinguisha- 
bility of the generated photons and the phase coherence 
between the two waveguide outputs. Our approach elim¬ 
inates additional overhead, such as narrow-band filter¬ 
ing or phase stabilization. While we have demonstrated 
the generation of two-photon NOON states in this work, 
expansion to higher-photon-number contributions shows 
that our device generates two fully identical, intrinsically- 
phase-stable squeezed states. This opens new perspec¬ 
tives in the field of integrated continuous-variable quan¬ 
tum optics. Moreover, combining the state generation 
with the action of linear elements takes the integration 
density to a new level, which is only possible due to the 
intrinsic nonlinearity of lithium niobate. This in turn 

simplifies the required complexity of linear quantum in¬ 
formation networks, as the state preparation is already 
integrated in the source design and does not need any 
postprocessing by additional linear circuits. 

Note added. Recently, we became aware of parallel 
work by Setzpfandt et al. [42j . 
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